Progesterone (P4) acts via the endometrium to promote conceptus growth and implantation for pregnancy establishment. Many cells release extracellular vesicles (EVs) that are membrane-bound vesicles of endosomal and plasma membrane origin. In sheep, endometrial-derived EVs were found to traffic to the conceptus trophectoderm. Thus, EVs are hypothesized to be an important mode of intercellular communication by transferring select RNAs, proteins, and lipids between the endometrium and conceptus. Electron microscopy analysis found that the endometrial luminal and glandular epithelia were the primary source of EVs in the uterus of cyclic sheep. Size exclusion chromatography and nanoparticle tracking analysis (NTA) found that total EV number in the uterine lumen increased from day 10 to 14 in cyclic sheep. Next, ewes were ovariectomized and hormone replaced to determine effects of P4 on the endometrium and EVs in the uterine lumen. Transcriptome analyses found that P4 regulated 1611 genes and nine miRNAs in the endometrium. Total EV number in the uterine lumen was increased by P4 treatment. Small RNA sequencing of EVs detected expression of 768 miRNAs and determined that P4 regulated seven of those miRNAs. These studies provide fundamental new information on how P4 influences endometrial function to regulate conceptus growth for pregnancy establishment in sheep.
Introduction
Establishment of pregnancy in domestic ruminants (i.e., sheep, cattle, goats) begins at the conceptus stage and encompasses pregnancy recognition signaling, implantation, and placentation [1] [2] [3] [4] . In sheep, the morula stage embryo enters the uterus on days 4 to 6 postmating and develops into a blastocyst. After hatching from the zona pellucida by day 9, the blastocyst grows into an ovoid or tubular form by day 12 and can then be termed a conceptus (i.e., embryo/fetus and associated extraembryonic membranes). Elongation of the ovoid conceptus on days 12-13 into a filamentous form of 10 cm or more in length by day 14 is coincident with a substantial increase in trophoblast growth and production of the pregnancy recognition signal interferon tau [1, 5] . Although embryos and blastocysts can be derived entirely in vitro, blastocyst growth and elongation into a filamentous conceptus does not occur in vitro and requires transfer into the uterus and actions of progesterone (P4) [6, 7] .
The endometrium of the uterus secretes substances, collectively termed histotroph, which governs blastocyst growth and conceptus elongation [2, 8, 9] . Histotroph is derived primarily from transport and/or synthesis and secretion of substances by the endometrial epithelia and is a rather undefined complex mixture of proteins, lipids, amino acids, sugars, ions, and extracellular vesicles (EVs) [10, 11] . Recurrent early pregnancy loss observed in uterine gland knockout (UGKO) sheep model established the importance of endometrial epithelial-derived secretions for conceptus survival and elongation [12] . Progesterone actions on the endometrium are required for conceptus elongation and the establishment and maintenance of pregnancy [7, 13] . The embryotrophic actions of P4 are mediated by increases in expression of conceptus elongation-and implantationrelated genes in the luminal epithelium (LE) and glandular epithelium (GE) that, in turn, modify histotroph in the uterine lumen, such as increases in glucose, amino acids, and cell attachment and adhesion factors [14] [15] [16] .
Exosomes and microvesicles, collectively termed EVs, are membrane-bound nanovesicles (30-150 nm) of endosomal and plasma membrane origin [17, 18] and are found in the uterine lumen of domestic animals and humans [19] [20] [21] [22] . Those vesicles contain lipid, protein and nucleic acids, particularly miRNAs, and have surface receptors/ligands from the originating cells with the potential to selectively interact with specific target cells [23] . Ovine endometrial GE cells and conceptuses in culture release EVs [21, [24] [25] [26] . In vitro studies of human endometrial epithelial cells found that P4-regulated protein cargo content of EVs enhanced the adhesive capacity of human trophoblast cells [27] . Recent studies in sheep found that EVs from the uterine lumen traffic to the conceptus trophectoderm in vivo [26] , supporting the idea that EVs are intercellular mediators of interactions between the endometrium and conceptus during pregnancy establishment. The present study tested the hypothesis that P4 regulates endometrial mRNA and miRNA expression and production of EVs and their miRNA cargo in the uterine lumen of sheep.
Materials and methods

Animals
All experimental and surgical procedures were approved by the Institutional Animal Care and Use Committee. Mature Rambouillet sheep (Ovis aries) were observed daily for the onset of estrus.
Study One
Adult cycling ewes were checked daily for estrus (day 0) and euthanized on days 10, 12, and 14 of the estrous cycle (n = 5 per day). The entire female reproductive tract was obtained through a midventral incision, and the broad ligament removed with scissors. An aortic aneurysm clamp was placed on the internal os of the cervix, and the oviduct and uterotubal junction was removed. A tomcat urinary catheter, attached to an all plastic syringe containing 10-ml sterile PBS (pH 7.2), was inserted about 1 cm into the uterine horn contralateral to the corpus luteum. Sterile PBS was slowly instilled into the uterine lumen and then gently massaged through the uterine body into and through the ipsilateral horn that was held over a sterile petri dish using a hemostat. The uterine flush was collected in the petri dish, transferred with a plastic pipette to a 15-ml tube, and then clarified by centrifugation (3000 × g for 15 min at 4
• C). The clarified flush was transferred into a clean 15-ml tube, and the volume was recorded prior to storage at -80 • C. The endometrium was then physically dissected from the myometrium. On day 14, some of the endometrium was processed for electron microscopy.
Study Two
Mature cycling ewes were ovariectomized, rested for 60 days, and then treated with daily subcutaneous injections (n = 5 per treatment) of either: (1) 50 mg P4 for 14 days; or (2) 50 mg P4 for 14 days and 50 mg RU486, a P4 receptor antagonist [7] , from day 8 through 14 of treatment (P4 + RU). Steroids were sourced from Sigma-Aldrich (St. Louis, MO) and dissolved in sesame oil vehicle. All ewes were euthanized at the end of 14 days of treatment. The female reproductive tract was obtained, and the lumen of the uterus gently flushed with 10-ml sterile PBS as described for Study One. The entire endometrium was then physically dissected from the myometrium, minced, mixed, and aliquoted into 1.5-ml tubes, snapfrozen in liquid nitrogen, and stored at -80
• C for RNA extraction. • C for 1 h and rinsed with cacodylate buffer followed by distilled water. En bloc staining was performed using 1% aqueous uranyl acetate at 4
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• C overnight and then rinsed with distilled water. Using a Pelco Biowave, a graded dehydration series (100 Watts for 40 s per exchange) was performed using ethanol, transitioned into acetone, and dehydrated tissues were then infiltrated with Epon resin (250 Watts for 3 min) and polymerized at 60
• C overnight. Sections were cut to a thickness of 85 nm using an ultramicrotome (Ultracut UCT, Leica Microsystems, Germany) and a diamond knife (Diatome, Hatfield PA). Isolated EVs from the uterine lumen were imaged as follows. Samples in PBS were placed on a negatively charged carbon coated copper grid and allowed to settle at room temperature for 20 min. Excess buffer was removed by wicking with filter paper and fixed for 2 min in 2% paraformaldehyde, 2% glutaraldehyde in 0.05 M phosphate solution. Grids were rinsed with three consecutive washes of distilled water and negative staining was performed by placing 5 μL of Nano Tungsten (Nanoprobes, Inc., Yaphank, NY) on each grid for 2 min prior to wicking to dryness with filter paper and drying at room temperature. All images were acquired with a JEOL JEM 1400 transmission electron microscope (JEOL, Peabody, MA) at 120 kV on a Gatan Ultrascan 1000 CCD (Gatan, Inc, Pleasanton, CA).
Extracellular vesicle isolation and evaluation by nanoparticle tracking analysis
Clarified uterine flush was thawed and filtered with a 0.22-μm PVDF syringe filter (cat # SLGV033RS, EMD Millipore, Billerica, MA) attached to an all plastic syringe to remove large microvesicles. Filtered flush was concentrated by ultrafiltration with Centricon Plus-70 centrifugal filter units (cat # UFC710008, EMD Millipore) at 2093 × g for 15 min, recovered at 1000 × g for 2 min, and brought to a volume of 500 μl by weight with sterile PBS. The EVs were isolated from the concentrated flush by size exclusion chromatography (SEC) [28, 29] using qEVoriginal columns (Izon Science Ltd, Oxford, UK). Columns were equilibrated with 10 ml of PBS and fractions 7-9 (500 μl each) were isolated, concentrated with an Amicon Ultra-4 device (cat # UFC801008, EMD Millipore) at 2093 × g for 15 min, and brought to 200 μl with sterile PBS. Aliquots of recovered EVs were diluted to approximately 10 7 -10 8 particles per ml with 5 mM ethylenediaminetetraacetic acid (EDTA) in PBS and evaluated using a NanoSight NS300 instrument (NanoSight Ltd, Amesbury, UK) equipped with a low-volume flow cell and syringe pump. The NanoSight was calibrated with 100 nm polystyrene beads (Polysciences, Warrington, PA). Vesicle aggregates, initially observed as modal peaks in nanoparticle tracking analysis (NTA) analyses, were disrupted by dilution of EVs with 5 mM EDTA in PBS [30] . Videos were captured (camera level 13-14, syringe pump speed 30, temperature control setting 25
• C) using the standard measurement protocol of five 60 s videos followed by processing with NTA software (NanoSight) to track each visible particle. The StokesEinstein equation was employed by the software to determine the size distribution and number of particles (concentration) within each sample.
Endometrium RNA isolation and transcriptome analysis
Total RNA was isolated from snap-frozen endometrium homogenized in TRIzol reagent (Thermo Fisher Scientific, Fairlawn, NJ) following the manufacturer's instructions, treated with DNase I and purified using an RNeasy MinElute cleanup kit (Qiagen, Valencia, CA). Eluted RNA was stored at -80
• C in nuclease-free water. Quality and concentration of RNA were determined using a Fragment Analyzer (Advanced Analytical Technologies, Inc., Ankeny, IA). Libraries were prepared by the University of Missouri DNA Core Facility using an Illumina TruSeq mRNA kit and sequenced on a NextSeq 500 instrument (Illumina Inc., San Diego, CA) to an average depth of 67 million reads (75 bp paired-end) per sample. Reads were adapter trimmed using cutadapt (version 1.11) [31] and quality trimmed to a sliding window quality score of 30 and minimum length of 20 bp with fqtrim software (version 0.9.4, doi:10.5281/zenodo.20552). Trimmed reads were mapped to the Ovis aries genome assembly (Oar v3.1) using HISAT2 (version 2.0.3) [32] . Reads overlapping Ensembl annotations (release 84) [33] were quantified with featureCounts (version 1.5.0) [34] prior to model-based differential expression (DE) analysis using the edgeR-robust method [35] . Genes without evidence of expression (counts per million, CPM rowSum < 1) were filtered out and quality control plots were generated. Transcriptome-wide read distributions were plotted for each sample with boxplots of log-transformed CPM values. A scatterplot of the first two principal components was constructed with the plotMDS function of edgeR to verify treatment separation prior to statistical testing. The false discovery rate (FDR) was set at 0.05 for DE analysis with edgeR-robust. Raw FASTQ files were deposited in the NCBI Gene Expression Omnibus (GSE103593).
Regulatory genomic sequences, located 5 kb upstream of transcription start sites, were downloaded from Ensembl for promoter enrichment analysis. The FASTA sequences were searched for the cognate sequence for the progesterone response element (PRE) [36] with a custom Perl script. Sequences identified upstream of DE genes were used to generate a sequence motif with WebLogo [37] . The frequency of a PRE sequence motif in the regulatory genomic sequence was tested for enrichment in the DE gene list using a one-tailed Fisher's exact test in R.
Unsupervised hierarchical clustering was completed with the list of all expressed genes from edgeR analysis. A finite normal mixture model implemented in R package mclust5 [38] was used to predict gene expression clusters from the list of expressed genes. Following the organization of gene clusters, hypergeometric tests were performed for each cluster to test for enrichment of DE genes. An information theory approach [39] was adopted to infer gene expression networks within select clusters using the minet software package for R [40] . Mutual information (MI) measures the information content that two variables share: a numerical value ranging from 0 to 1 depending on, intuitively, how much knowing one variable would predict variability of the other. Within each cluster, MI of variation between gene expression was determined. The MIs were calculated in a pairwise manner between each gene based on normalized read count data from edgeR to generate a weighted adjacency matrix by the Maximum Relevance Minimum Redundancy (MRMR) method [41] . Key genes within the selected clusters were identified using a statistical approach called key players applied to the network analyses [42] [43] [44] . Key player analysis was incorporated into MRMR networks based on the measure of degree centrality of nodes with nodes in the network represented by differentially expressed genes that were connected with each other based on their MIs. Centrality is a key concept in graph theory, which is based on the concept that central individuals control information flow and decision making within a network. Key player analysis is a multistep computational method in which first we select an initial candidate set C of nodes (step 1), then repeat swap of nodes in C with nodes outside C until centrality is less than the required threshold (step 2), followed by determining the final set C and the associated centrality score (step 3). The top three key players were selected from each gene cluster.
Small RNA isolation and analysis
Total RNA from endometrium was isolated with TRIzol as previously described with modification of the DNase cleanup step. Briefly, 950 μl of 100% EtOH was added to the diluted RNA (step 2) before pipetting samples onto minElute columns. Total RNA was isolated from EVs in PBS with Qiazol lysis reagent and processed using an miRNeasy kit with on-column DNase digestion (Qiagen). Small RNA concentration was determined using the Qubit miRNA assay (cat # Q32880, Thermo Fisher). Two EV samples, one from each treatment group, were excluded from small RNA sequencing analysis due to low RNA yield. TruSeq small RNA libraries (Illumina) were prepared and sequenced (75 bp paired-end) on a NextSeq 500 (Illumina) by the University of Missouri DNA core facility. Reads were trimmed by the core facility with cutadapt (version 1.11) [31] to remove the 5 poly-G tail artifacts characteristic of NextSeq technology and RNA 3 adapters (TGGAATTCTCGG). Single-end adapter trimmed reads were downloaded from the core facility. Low-quality bases were trimmed with fqtrim (version 0.9.4, doi:10.5281/zenodo.20552) at a sliding window quality score of 30, and sequences shorter than 17 bp were removed before further analysis. Quality trimmed reads were used as input for the miRDeep2 analysis pipeline [45] .
Reads were mapped to the Ovis aries genome assembly (version 3.1) with mapper.pl, included in miRDeep2, allowing up to 50 matches in the genome followed by analysis and novel miRNA prediction with miRNAs downloaded from miRBase (release 21) for sheep and the following related species: Bos taurus, Mus musculus, and Homo sapiens. Novel miRNAs with a score of greater than or equal to 4 and no alerts from the RNA family database (RFAM) Downloaded from https://academic.oup.com/biolreprod/article-abstract/98/5/612/4810746 by OUP site access user on 08 October 2018 [46] , i.e., tRNA or rRNA, were promoted for expression analyses using a custom Perl script. The script extracted hairpin and mature FASTA sequences from miRDeep output and combined them with the Ovis aries miRBase reference files. The concatenated reference files were used as input for quantifier.pl to extract read counts for all known and novel (promoted) miRNAs. Read counts were input for model-based DE analysis using the edgeR robust method [35] . MicroRNAs without evidence of expression (CPM rowSum = 0) were filtered out and the FDR was set at 0.05 for DE analysis. Novel DE miRNAs with identical mature sequences were collapsed and only the most significant miRNA was reported. Raw FASTQ files were deposited in the NCBI Gene Expression Omnibus (GSE103595).
Statistical analyses
Unless otherwise noted, quantitative data were analyzed by leastsquares analysis of variance [47] following tests for assumption of normality (Shapiro-Wilk, P > 0.1) and homogeneity of variances (Bartlett, P > 0.1) in R (version 3.3.1). Data with unequal variances were log transformed, and homogeneity of variances verified before completion of analyses. The Benjamini-Hochberg procedure was used to control FDR for gene ontology (GO) enrichment analyses.
Results
Study One: extracellular vesicles in the uterine lumen of cyclic ewes Electron micrographs of endometria from day 14 cyclic ewes clearly demonstrated the presence of multivesicular bodies (MVBs) within the apical region of both LE and GE cells ( Figure 1A ), but were not identified in the adjacent stromal cells (Supplemental Figure S1) . The subcellular localization of MVBs was consistent with release of internal vesicles to the extracellular space by fusion of the outer membrane with the apical cell membrane [48, 49] .
The uterine lumen of cyclic ewes on days 10, 12, and 14 was flushed with PBS and EVs isolated by SEC [29] . Smaller components of the flush, like proteins, bind to the SEC column, while the larger EVs flow through more directly and elute in the first fractions. As a result, EVs isolated by SEC contain less contaminating protein than precipitation or ultracentrifugation preparations [28] . Size distributions of the isolated particles were determined by NTA and found to be consistent with EVs with an average median diameter of 135 to 142 nm ( Figure 1B) . Isolated EVs exhibited characteristic cup shapes that are produced by drying during preparation for analysis by transmission electron microscopy [50, 51] (see inset of Figure 1B ). As illustrated in Figure 2A , total EV number in the uterine lumen increased (P < 0.001) 6.2-fold from day 10 (1.22 × 10 10 ) to 14 postestrus (7.65 × 10 10 ). The mode diameter averaged 140 nm and was not different (P = 0.91) across cycle day ( Figure 2B ).
Study Two: endometrial transcriptome
Transcriptome-wide read count distributions and medians were consistent between endometrium from P4-and P4 + RU-treated ewes as visualized with boxplots of log-transformed CPM values ( Figure 3A) . Principal component analysis found clear separation of samples by treatment ( Figure 3B ). There were 1611 DE genes (931 increased, 680 decreased) in the endometrium of P4 as compared to P4 + RU-treated ewes (Supplemental Table S1 ). The top P4 upregulated genes included LGALS15, CXCL14, NPTX2, and DKK1, which are established P4-stimulated genes in the ovine endometrium [7, [52] [53] [54] (Table 1 ). The top P4 downregulated genes included SPINK7, BRINP2, and IGFBP3 ( Table 2 ). As illustrated in Figure 3C , the palindromic PRE was enriched in the upstream region of many DE genes (n = 174, P = 0.015) with a sequence motif characteristic of the consensus PRE [36] (G r ACA r r r TGT r C; Figure 3C ). Further, 8 DE transcription factors (GO:0003700; DNA binding transcription factor activity) were found to have a progesterone receptor (PGR)-binding site in their upstream region (D-box binding PAR bZIP transcription factor (DBP), forkhead box O4 (FOXO4), myocardin (MYOCD), myelin regulatory factor-like (MYRFL), poly(rC) binding protein 3 (PCBP3), PGR, SKI like protooncogene (SKIL), and TGFB induced factor homeobox 1 (TGIF1)).
The DE genes with greater than two-fold change (n = 1401) were converted to a list of 1265 human homologs for functional enrichment analysis using BovineMine from the Bovine Genome Database [55] . Functional analysis using the ToppGene suite [56] found extracellular matrix (n = 89 genes, Q = 2.8 × 10 −19 ) and extracellular space (n = 176, Q = 2.2 × 10 −14 ) among the top enriched GO terms for cellular component (Supplemental Table S2 ). Receptor binding (n = 166, Q = 4.7 × 10 −7 ) was enriched in molecular function, and response to endogenous stimulus (n = 191, Q = 1.66 × 10 −8 ) and steroid hormones (n = 78, Q = 4.57 × 10 −6 ) in biological processes (Supplemental Table S3 ). Significant GO terms for cellular component (n = 20) and molecular function (n = 11) were visualized with REVIGO [57] . As illustrated in Figure 4 , extracellular matrix and plasma membrane components as well as binding activity were enriched in the DE genes. Unsupervised hierarchical clustering of all expressed genes in the endometrium produced 121 gene clusters, and hypergeometric tests for enrichment of DE genes found 16 clusters enriched for genes increased and 15 clusters enriched for genes decreased in P4 as compared to P4 + RU-treated ewes. Two clusters, one enriched for increased genes (n = 153 DE genes) containing prostaglandinendoperoxide synthase 2 (PTGS2), and one enriched for decreased genes (n = 100 DE genes) containing bone morphogenetic protein 2 (BMP2), were chosen for further analysis. As shown in Figure 5 , the top three key players in the upregulated cluster containing PTGS2 with a centrality score of 19.65 were SLC5A1, a glucose transporter; PNPO, the rate-limiting enzyme in the production of active vitamin B6; and SGMS1, sphingomyelin (SM) synthase 1. The key players identified in the downregulated cluster containing BMP2 with a centrality score of 15.58 were CYP4V2, a fatty acid oxidizer; CABP5, calcium binding protein 5; and PASK, a serine/threonine kinase regulated by glucose.
Study Two: extracellular vesicles in the uterine lumen of treated ewes
As illustrated in Figure 6A , the total number of EVs in the uterine lumen was 2. in total EV number was not correlated with P4-responsive genes in the endometrium by RNA-seq or sample location in the principal component analysis (Supplemental Figure 2) . The average of the mode EV diameter was not different (P = 0.06) in P4-compared to P4 + RU-treated ewes ( Figure 6B ).
Study Two: endometrial and extracellular vesicle miRNAs
Small RNA sequencing of endometrium and EVs from the uterine lumen was completed followed by miRDeep2 analysis to determine the expression of annotated and novel miRNAs. A total of 768 miRNAs were detected in the endometrium and EVs with 488 miRNAs in common, 273 unique to the endometrium, and 7 unique to EVs. Of note, only 2 overlapping miRNAs (oar-miR 148a and oar-miR26a) were found in a comparison of the top 10 expressed miRNAs in the endometrium and EVs. Further analyses found that P4 regulated expression of only nine miRNAs in the endometrium (Table 3) and seven miRNAs in EVs from the uterine lumen Table 4 . The DE miRNAs identified in EVs were all novel, but contained mature seed sequences analogous to miRNAs from cattle or mice (Supplemental Table S4 ). Predicted target genes of miRNAs from EVs (n = 326) were collected from TargetScan (version 7.1, Human, aggregate probability of conserved targeting > 0.9) [58] and analyzed with ToppGene [56] . The top reactome pathways targeted by P4 upregulated miRNAs in EVs included PI3K/AKT (Q = 2.6 × 10 
Discussion
Study One found that MVBs were located in LE and GE cells but absent from the surrounding stroma. MVBs are formed from the late endosome and, if destined for secretion, migrate toward the apical pole of the cell for fusion with the membrane and release of vesicles into the extracellular space [48, 49] . These results are consistent with previous studies of sheep and human endometrium, which localized EV-associated proteins to LE and GE [20, 21] and miRNAs to MVBs and EVs of GE cells in culture [22] . Thus, EVs in the uterine lumen of sheep and humans predominantly emanate from the endometrial LE and GE. In Study One, the amount of EVs in the uterine lumen increased after day 10 in cyclic ewes, consistent with effects of P4 on endometrial gene expression and abundance of glucose and select amino acids in the uterine lumen [15, 16] . Indeed, Study Two found that P4 increased EV number in the uterine lumen. These findings support the hypothesis that P4 regulates endometrial epithelial production of EVs and their release into the uterine lumen. Given that uterine-derived EVs are taken up by and incorporated into the trophectoderm of elongating sheep conceptuses [26] , the lipid component of EVs may be used for trophectoderm cell growth, and the cargo (proteins, miRNAs) may regulate trophectoderm function, such as proliferation and adhesion, that is important for elongation and implantation [59, 60] . Indeed, the lack of conceptus elongation in UGKO ewes [12, 61] could be due to diminished number of EVs in the uterine lumen, as UGKO ewes lack endometrial GE and have much reduced LE. Progesterone is unequivocally required for conceptus survival and elongation in sheep [7, 13] . The actions of P4 are indirect and mediated by the endometrium [14] , but little is known of how P4 establishes an embryotrophic environment. Study Two comprehensively analyzed the effects of P4 on the endometrial transcriptome and provided novel insights into the biology of P4 action using RNAseq technology. The large number of P4-regulated genes in the endometrium of sheep found in Study Two is comparable to the PGR cistrome identified in rodents [62] and transcriptome differences in proliferative and mid-secretory phase endometrium of humans [63] . Informatics analyses identified consensus PREs enriched in the upstream region of many P4-responsive genes identified in the endometrium. Some of the DE genes encode transcription factors that could work synergistically with PGR to regulate endometrial gene expression. For example, PGR is known to interact with FOXO4, and FOXO transcription factors are established regulators of P4 action in the human and mouse endometrium [64] . In the human placenta, FOXO4 regulates PTGS2 expression [65] , and PTGS2-derived PGs are essential for conceptus elongation and pregnancy establishment in sheep [16, 66] . Future studies should focus on determining the role of FOXO4 and other P4-regulated transcription factors in endometrial function. In sheep and humans, P4 acts via the endometrium to modify the secretome of the uterine lumen [67] [68] [69] [70] [71] . In addition to identifying previously known P4-stimulated genes that encode secreted factors (LGALS15, CXCL14, NPTX2, DKK1) [7, [52] [53] [54] , Study Two identified many new P4-regulated genes in the sheep endometrium. For instance, over 100 of the upregulated genes in the endometrium Study Two encode proteins with transporter activity [16] . Ontology analysis highlighted binding activity along with cell surface and extracellular matrix localization in the P4-regulated genes. Mutual information network and key player analyses identified an upregulated cluster of genes containing PTGS2 identified SLC5A1, PNPO, and SGMS1 as key players. In the present study, the sodium-dependent glucose transporter SLC5A1 was increased 4.6-fold in the endometrium of P4 compared to P4 + RU-treated ewes. Previous studies found that SLC5A1 is expressed only in the LE and GE of the ovine endometrium, regulated by P4, and expressed in a Figure 5 . Diagram of the key player analysis pipeline where genes expressed in the endometrium were clustered with mclust5 resulting in 121 gene clusters. Clusters enriched for DE genes were identified by hypergeometric tests that found 16 upregulated and 15 downregulated clusters. Enriched clusters were subjected to network analysis with DE genes within each cluster using the MRMR method. Key players were then identified for one upregulated network cluster, containing PTGS2, and one downregulated cluster, containing BMP2.
manner consistent with the increase in glucose in the uterine lumen during the cycle and early pregnancy [72] . Indeed, glucose is the major energy source for developing conceptuses, regulates trophoblast proliferation [73] , and must be transported from circulation since gluconeogenesis does not occur in the endometrium or conceptus [74, 75] . The comprehensive endometrial transcriptome data generated in Study Two provides an important foundation for future studies to understand the biology of P4 regulation of endometrial function in sheep and likely other mammals.
A novel finding of Study Two was that P4 increased the number of EVs in the uterine lumen in vivo, which extends findings in human endometrial epithelial cells in vitro [27] . In other cell types, ceramide is important for EV biogenesis and release [76] . Pyridoxal 5 -phosphate, the metabolically active form of vitamin B6, is required for ceramide synthesis and the rate-limiting step in its production is catalyzed by PNPO, which was identified in Study Two as increased by P4 and a key player in the PTGS2 gene cluster. Ceramide can also be utilized to produce SM and diacylglyceride (DAG) by SGMS1, another key player identified in Study Two. Lipid rafts are enriched with SM and localize transmembrane proteins and transporters to specific microdomains of the plasma membrane [77, 78] . Changes to lipid rafts occur in the endometrial epithelium of pregnant rats [79] as well as during the production of EVs [80, 81] . Therefore, effects of P4 to increase production of EVs by the endometrial epithelia and upregulation of receptors and membrane transporters may involve increased utilization of SM and rearrangement of epithelial plasma membranes. Moreover, PTGS2 is a key enzyme in the synthesis of prostaglandins from arachidonic acid which can be derived from DAG, a by-product of SGMS1-mediated SM synthesis. Previous studies found that PTGS2 is upregulated specifically in the LE between days 10 and 12 post-estrus/mating by P4 [82, 83] . Other studies established that PTGS2-derived prostaglandins are essential for conceptus elongation and regulate effects of P4 and IFNT on expression of elongation-and implantation-related genes in the endometrial epithelia during early pregnancy in sheep [66, [83] [84] [85] . In the gene cluster represented by BMP2, CYP4V2 was identified as a key player. CYP4V2 is a member of the cytochrome P450 superfamily that degrades cellular lipids [86, 87] . The reduction of CYP4V2 expression may play a role in the P4-dependent accumulation of lipid droplets observed in the uterine epithelia after day 10 of the estrous cycle or during early pregnancy [88] [89] [90] . Further, BMP2 is a known P4-regulated gene in the mouse and human endometrium and essential for implantation and decidualization [91] . Future studies should focus on investigating the role of BMP2 and other P4-regulated genes in endometrial function.
Study Two found common and unique miRNAs in the endometrium and EVs from the uterine lumen of sheep. The divergence in expression profiles could result from the selective enrichment of miRNAs in EVs or cell-type specific expression of miRNAs. In total, seven miRNAs were identified only in EVs. The absence of select miRNAs from endometrium sequence data may be due to the relative complexity of the miRNA transcriptome in tissue relative to EVs, or alternatively, these miRNAs could originate from serum. A number of P4-regulated miRNAs have been reported in the uterus of other mammals (reviewed in [92] ). Study Two found that relatively few miRNAs were regulated by P4 in the endometrium and EVs in the uterine lumen. In vitro studies of human endometrial epithelial cells found that EV production and protein cargo was altered by P4 and that EVs from those cells could increase the adhesive capacity of human trophoblast or mouse embryos [22, 27] . Thus, EVs from the endometrium are proposed to have a biological role in embryo implantation in humans. In sheep, EVs from the uterine lumen stimulated trophoblast proliferation and IFNT secretion in vitro [20] , but other functions have not been reported and need to be investigated [93] .
Prediction of miRNA targets in sheep is currently indirect and based on conserved sequences across multiple species. In Study Two, a few intriguing targets were identified in miRNAs increased in EVs by P4. SP3 is a transcription factor that associates with ESR1 to mediate estrogen response element-independent transcription and contains a conserved miR-135a target site based on TargetScan analysis. Additionally, miR-135 [94] , miR-365, and miR-193a were predicted to target PGR by miRWalk analysis [95] , and all of those miRNAs were increased in EVs by P4. Of note, PGR downregulation by miRNA-induced silencing occurs in endometrial cancer [96] and uterine EVs are taken up by the LE in sheep [26] . Thus, P4-upregulated miRNAs in uterine lumen EVs may be associated with suppression of estrogen signaling and loss of PGR in the LE and sGE that occurs after day 10 in the LE and GE of pregnant ewes in response to P4 [97] . MicroRNAs from endometrial-derived EVs may also affect conceptus development by modulation of pathways in the trophectoderm important for elongation and implantation. Secreted phosphoprotein 1 or osteopontin (SPP1) activates the PI3K pathway stimulating adhesion, migration, and cytoskeletal remodeling of trophectoderm cells [98] , and BMP4 promotes trophectoderm cell lineage development [99] . Indeed, P4-regulated EV miRNAs were predicted to target genes involved in PI3K/AKT and BMP signaling pathways. Full-length transcriptome data, including annotated untranslated regions, is needed to completely predict miRNA targets and develop a mechanistic understanding of the miRNA-mediated pathways in the ovine uterus.
Supplementary data
Supplementary data are available at BIOLRE online. Supplementary Table S1 . EdgeR-robust analysis of progesterone effects on the endometrial transcriptome.
Supplementary Table S2 . Cellular component enriched GO terms from progesterone-regulated genes in the endometrium.
Supplementary Table S3 . Biological process enriched GO terms from progesterone-regulated genes in the endometrium.
Supplementary Table S4 . Differentially expressed miRNAs in uterine lumen EVs from Study Two with mature sequences and analogous miRNAs from Bos taurus and Mus musculus.
Supplementary Figure S1 . Transmission electron micrographs (TEM) of (A) stromal cells and (B) a neutrophil from day 14 cyclic ewes. Note the lack of multivesicular bodies (MVB) in endometrial stromal cells. The arrow denotes the presence of an MVB in an intravascular neutrophil located in the stromal compartment. Extracellular matrix (ECM), Golgi apparatus (G), lysosomes (L), and mitochondria (M) are labeled. Scale bar = 500 nm.
Supplementary Figure S2 . RNA sequencing analysis of endometrium from P4-or P4 + RU-treated ewes with asterisks labeling the two P4 samples with the lowest total EV number. (A) Principal component analysis and (B) hierarchical clustering support biological variation as the cause for the observed differences in total EV number following treatment.
